The order of species arrival during community assembly can greatly affect species coexistence, but the strength of these effects, known as priority effects, appears highly variable across species and ecosystems. Furthermore, the causes of this variation remain unclear despite their fundamental importance in understanding species coexistence. Here, we show that one potential cause is environmental variability. In laboratory experiments using nectarinhabiting microorganisms as a model system, we manipulated spatial and temporal variability of temperature, and examined consequences for priority effects. If species arrived sequentially, multiple species coexisted under variable temperature, but not under constant temperature. Temperature variability prevented extinction of late-arriving species that would have been excluded owing to priority effects if temperature had been constant. By contrast, if species arrived simultaneously, species coexisted under both variable and constant temperatures. We propose possible mechanisms underlying these results using a mathematical model that incorporates contrasting effects of microbial species on nectar pH and amino acids. Overall, our findings suggest that understanding consequences of priority effects for species coexistence requires explicit consideration of environmental variability.
Introduction
It is now widely recognized that variation in the order of species arrival among sites can drive local communities to divergent successional trajectories, thereby affecting the coexistence of species-the phenomenon known as priority effects (e.g. [1] [2] [3] [4] [5] [6] ). However, studies of community assembly have yielded variable results as to the importance of priority effects [4] , and identifying the causes of this variation remains an active area of research. Although many potential causes have been considered (e.g. [4, [7] [8] [9] ), one likely cause, environmental variability, has received little experimental attention despite the theoretical interest it has long received as a general factor affecting species coexistence (e.g. [10] [11] [12] [13] ). The dearth of such research creates a major knowledge gap not only for the basic understanding of species coexistence, but also for the application of this understanding to environmental issues. For example, recent studies have suggested that consequences of climate change for ecological communities will depend on the extent of variability in temperature, rainfall and other climatic conditions [14, 15] , but these studies rarely consider how priority effects may be modified by climate variability.
In theory, environmental variability can affect the strength of priority effects by changing species growth rates [16] . Priority effects are expected to be strong when early-arriving species have high growth rates because they are then likely to pre-empt resources or modify habitats rapidly enough to hinder or facilitate the establishment of late-arriving species [17] [18] [19] . If environmental variability makes growth rates temporally variable, it can in turn result in overall reduction of growth rates and therefore priority effects. This reduction occurs because the growth rate of a species averaged over time is represented as the geometric, rather than arithmetic, mean (i.e. Jensen's inequality) [12, 20, 21] . Consequently, priority effects may be weakened by environmental variability.
Predictions are not necessarily straightforward, however, because whether priority effects are weakened or strengthened may depend on the relative nonlinear response of different species to environmental conditions. For example, imagine a situation where priority effects are weak in a constant environment, with one species (species A) always outcompeting another (species B) regardless of arrival order. If species B is less sensitive to environmental variability (e.g. because of a storage effect [20] ), showing a lesser decline in growth rate than species A, the two species may become competitively similar in a variable environment, making the outcome of competition dependent on arrival order. Thus, priority effects would, in this case, be strengthened by environmental variability.
Despite the potential of these theoretical ideas to explain when priority effects should be stronger or weaker, the ideas remain largely untested. In this paper, we experimentally test the hypothesis that environmental variability alters the influence of priority effects on community assembly. To this end, we conducted a series of laboratory experiments using the communities of yeast and bacterial species that inhabit the floral nectar of a hummingbird-pollinated shrub in California as a model system [22] . Our choice of a microbial system was motivated by the logistical advantages in testing general hypotheses regarding community assembly (reviewed in [23] [24] [25] ). In particular, short generation times and small habitat sizes of microbial species allow community dynamics to be observed for many generations under rigorous experimental control over environmental conditions and species arrival history. In addition, rapidly accumulating knowledge on the natural history of nectar-inhabiting microorganisms [22, [26] [27] [28] [29] enables one to design experiments in which ecological drivers experienced by these species in the field can be simulated and manipulated in the laboratory. Evidence indicates the presence of inhibitive priority effects among some of these nectar-inhabiting species [30] and high sensitivity of these species to ambient temperature [29] . It has also been suggested that microbial species affect one another via pre-emption of resources (amino acids and sugars) in nectar [30] , and that species vary in the extent to which they alter and tolerate nectar pH [31] . Based on these previous studies, we hypothesized that temperature variability would alter the strength of priority effects by influencing the extent of resource pre-emption and pH modification by different species. Our results support this hypothesis and provide the first empirical evidence, to our knowledge, that the effect of arrival order on species coexistence depends on at least one type of environmental variability.
Material and methods (a) Study organisms
Our experiments involved yeast and bacterial species isolated from nectar samples collected from flowers of Mimulus aurantiacus at the Jasper Ridge Biological Preserve (JRBP) in the Santa Cruz Mountains of California [22] . At JRBP, ambient temperature is highly variable on a daily basis in both space and time (see electronic supplementary material, figure S1A). A field survey of M. aurantiacus nectar at JRBP indicated that species diversity was low, with on average about one yeast species per flower, most commonly Metschnikowia reukaufii [22] . Individuals belonging to the genera of acetic acid bacteria such as Gluconobacter were some of the most common bacterial species found in M. aurantiacus nectar [31] . Although less common, many other species have also been found in M. aurantiacus nectar at JRBP, including another yeast species, Starmerella bombicola [22] , and a bacterial species, Asaia sp. Vannette 2013, unpublished data) . Strains of these species were collected at or near JRBP and stored at 2808C in 20% glycerol. The strains were freshly streaked on yeast-malt agar (YMA; Difco, Sparks, MD) 2-4 days before the experiment described below.
Our study was designed as an initial attempt to experimentally determine whether environmental variability can influence the strength of priority effects. For this reason, we chose to use species that were likely to compete strongly [30, 32] and had differing responses to temperature [29] . Future research should expand to consider more interacting species in order to understand how generally the influence of environmental variability on priority effects may be observed across many species.
(b) Experimental flowers
We used 200 ml round-topped PCR tubes, each intended to mimic a M. aurantiacus flower, in which a local community of nectar microbes was assembled. Two identical tubes were paired as an experimental unit, to form a metacommunity of the microbes. To each tube, we added 10 ml of artificial nectar, which was within the range of the amount of nectar contained by a single flower [30] . The artificial nectar was prepared by filter-sterilizing 15% w/v sucrose solution supplemented with 0.32 mM amino acids from digested casein, to mimic levels of sugar and amino acids of M. aurantiacus nectar in the field [31] .
(c) Experimental design
We used a two-way full factorial design, with three different orders of species introductions and four different types of temperature variability. Introduction treatment groups included: (i) simultaneous introductions of two yeast species, Metschnikowia reukaufii and S. bombicola, and two bacterial species, Gluconobacter sp. and Asaia sp., to the artificial nectar placed in the experimental flowers; (ii) 'yeast-first' sequential introductions, in which we introduced the two yeast species first and, 48 h later, the two bacterial species; and (iii) 'bacteria-first' sequential introductions, in which we introduced the two bacterial species first and, 48 h later, the two yeast species. For brevity, we will refer to the species by their generic names (i.e. Metschnikowia, Starmerella, Gluconobacter, Asaia). For each introduction, we prepared 0.5 ml inoculation solutions by suspending a single colony of each species from YMA agar plates in sterile 15% w/v sucrose solution and diluting this solution to obtain approximately 150-200 cells per species in 0.5 ml.
Temperature treatment groups included: (1) no variability (constant at 158C); (2) spatial variability (108C in one of the two local communities in the metacommunity and 208C in the other community); (3) temporal variability (daily fluctuations, with 58C as the minimum and 258C as the maximum, in both local communities); and, (4) both spatial and temporal variability (daily fluctuations, with 08C as the minimum and 208C as the maximum in one local community, and 108C as the minimum and 308C as the maximum in the other local community; electronic supplementary material, figure S1B). All four treatments shared the same average temperature through time and space for the metacommunity (158C), and the range of temperature used in these treatments was within the range typically recorded during the M. aurantiacus flowering season at JRBP [22] . Temperature treatments in the microcosm were implemented by holding the PCR tubes in thermal cyclers that were programmed to control temperature as appropriate for each treatment group. Each of the 12 treatments (i.e. three introduction orders Â four variability types) was replicated four times.
In the field where our microbial strains were collected, ambient air temperature varied temporally over the flowering season, and rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132637 plants at different locations differed in the amount of variance in temperatures they experienced (see electronic supplementary material, figure S1A and table S1; it should be noted, however, that temperature may be less variable in nectar within flowers than in the air). We were mainly interested in investigating whether realistic environmental variability, occurring both spatially and temporally, would interact with species arrival order to affect microbial populations. Therefore, we focused on comparing temperature treatments 1 (no variability) and 4 (both spatial and temporal variability). Temperature treatments 2 (spatial variability) and 3 (temporal variability) were used to assess which aspect of variability, spatial or temporal (or both), was responsible for any difference that we might find between temperature treatments 1 and 4.
(d) Dispersal between flowers
Every 96 h throughout the duration of the experiment, beginning at 48 h after introduction of early-arriving species, we vortexed each tube for 30 s and replaced 9 ml of nectar with fresh artificial nectar. In addition, every 96 h, beginning at 48 h after introduction of late-arriving species, we exchanged 0.5 ml of nectar using a sterile pipette between paired tubes that form each metacommunity.
Our intention was to simulate the natural process of flower senescence followed by recolonization of new flowers by yeasts and bacteria that characterizes nectar microbe communities. The exchange of nectar in our experiment could also be considered analogous to nectar feeding by a hummingbird, followed by replenishment with fresh nectar. The frequency at which we exchanged nectar, every 96 h, is a realistic length of time for which an individual flower holds nectar microbes before the flower matures and wilts, as we previously found that M. aurantiacus flowers at JRBP lasted for about a week and that yeasts were detected in the nectar of about 70% of flowers by 3 days after the opening of the flower [30] . This study also suggested that flowers could go a few days between pollinator visits. Thus, 48 h could be a reasonable approximation of pollinator visitation rates and, potentially, microbial immigration rates that might be possible in M. aurantiacus at JRBP.
We repeated the nectar exchange eight times to run the experiment for a total of 32 days, which is similar in duration to a typical length of time individual M. aurantiacus plants bloom during a flowering season at JRBP. Because this schedule of periodic nectar replacement creates a non-equilibrium situation, we will define coexistence as long-term persistence of species in a metacommunity, rather than a more formal definition.
(e) Population abundance estimation
Every 96 h throughout the experiment, we plated 0.01 and 0.001 ml (diluted into a total of 50 ml) of the nectar removed for dispersal onto YMA agar plates. After 4 days of plate incubation at 228C, we determined the species identity of colonies based on morphology and enumerated colony-forming units (CFU) of each species. Molecular sequencing of colonies, conducted as described by Belisle et al. [22] for yeasts and by Vannette et al. [31] for bacteria, confirmed that colony morphology could be used reliably to identify the four species used in our experiment. Previously, we confirmed that the number of CFU was correlated closely to the number of cells in solution for yeasts [30] and bacteria [31] .
(f ) Additional experiments
We performed two additional experiments to explore the mechanisms of priority effect that may have operated in our communities. In one experiment, we quantified the effect of the two common species, Metschnikowia and Gluconobacter, on the pH and amino acid concentrations of nectar, because previous work indicated Table 1 . Results from a two-way ANOVA relating the abundance of (a) Metschnikowia, (b) Starmarella, (c) Gluconobacter and (d) Asaia during the main experiment to temperature regime (constant, spatial, temporal or spatio-temporal variation); introduction order (simultaneous, yeast-first or bacteria-first); their interaction and timing of sampling. Bold text shows p-values less than or equal to 0.05. that these chemical properties of nectar might explain how the microbial species affected one another [30, 31] . To this end, we grew Metschnikowia and Gluconobacter by introducing 150 -200 cells suspended in 0.5 ml of deionized water to 10 ml of the artificial nectar in 370 ml wells of a 96-well microplate and sampled 0.5 ml of nectar after 36 h of incubation at 228C to measure the pH of nectar using pH indicator strips (colorpHast pH indicator strips by EMD, Darmstadt, Germany). Each of three treatments (introduction of either of the two species or only deionized water as control) was replicated three times. Additionally, we sampled 1 ml from each replicate at 0 and 36 h, replicating each sample three times, to measure amino acid concentrations. Amino acids in each nectar sample were derivatized using an AccQ-Tag Kit (Waters, Milford, MA) following the manufacturer's instructions. Briefly, 1 ml of derivatized solution was injected into an AccQ-Tag Ultra Column (2.1 Â 100 mm) at 438C using a Waters H-Class U-HPLC. Each gradient run was 10 min long, with a flow rate of 700 ml min 21 and began with an aqueous mobile phase with increasing concentration of organics, following the Waters AccQ-Tag Protocol for the H-Class. Derivatized compounds were detected using UV absorbance at 260 nm. Acquired peaks in each sample were identified by comparing each retention time with those generated by known compounds in Waters Hydrolysate standards, and the concentration of each compound was calculated based on a series of external standards.
In the second experiment, we quantified the effect of temperature on the population abundances of Metschnikowia and Gluconobacter. We grew Metschnikowia and Gluconobacter as in the first additional experiment, but under different constant 
days after start days after start Figure 1 . Temporal changes in mean species abundances (+s.e., n ¼ 4 metacommunity replicates), averaged over the paired flowers for each metacommunity, when species were introduced in different timings in a constant or variable environment. Simultaneous introductions were carried out on day 0, sequential introductions on days 0 and 2. (a) Simultaneous arrival of yeasts and bacteria, (b) sequential arrival of yeasts then bacteria, and (c) sequential arrival of bacteria then yeasts. Temperature was either held constant (i) or both spatially and temporally variable (ii).
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132637 temperatures of 5, 13, 22, 28 and 338C, each replicated four times. Tubes were incubated for 4 days, after which 50 ml of a 1/10 dilution was plated on YMA agar plates. We then counted the number of CFU for each species in each replicate.
(g) Mathematical model
To further explore possible mechanisms that may explain our experimental results, we used a modification of deFreitas & Frederickson's [17] model to investigate the dynamics of species interactions and the consequences for the likelihood of species coexistence (see electronic supplementary material, appendix S1). This is a consumer-resource model that considers two competing species' interactions as a result of the consumption of limiting resources and the production of an inhibitory substance. In relation to the results of the additional experiments (detailed in the Results section) and those of Vannette et al. [31] , we assumed that one of the species in the model is more efficient at consuming the limiting resource than the other species (as may be the case with Metschnikowia interacting with Gluconobacter). We also assumed that the other species modifies the habitat by producing a larger amount of a growth-inhibiting chemical to which it is less sensitive than the other species (as may be the case with Gluconobacter interacting with Metschnikowia). In this model, priority effects are possible because consumption of a limiting resource by the first species makes it harder for the second species to invade, whereas production of an inhibitory substance by the second species makes it harder for the first species to invade [17] . We solved the equations to obtain zero net growth isoclines, which were used to analyse species coexistence. To examine the effect of temperature variability on priority effects and the implications for species coexistence, the analysis based on zero net growth isoclines was compared under spatial temporal type of temperature variability
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Results (a) Main experiment
Species abundance was significantly affected by both introduction order and temperature variability, but the effect of the two factors depended on each other (table 1) . Specifically, when the yeasts were introduced first, Metschnikowia was the only species that persisted if temperature was constant (figure 1b(i)), whereas Gluconobacter coexisted with Metschnikowia if temperature was spatio-temporally variable ( figure 1b(ii) ), albeit at a low abundance compared with the simultaneous introduction treatment (figure 1a). Conversely, when the bacteria were introduced first, Gluconobacter was the only species that persisted if temperature was constant ( figure 1c(i) ), whereas Asaia coexisted with Gluconobacter, though at a low abundance, if temperature was spatio-temporally variable ( figure 1c(ii) ). When all species were introduced simultaneously, Metschnikowia and Gluconobacter persisted throughout the duration of the experiment, whereas Starmerella and Asaia went extinct ( figure 1a(i) ). Given simultaneous species introductions, temperature variability did not influence the number or identity of persistent species, although their relative abundances were affected, with Metschnikowia and Gluconobacter more abundant under constant ( figure 1a(i) ) and spatio-temporally variable ( figure 1a(ii) ) temperature, respectively.
Comparison of the four temperature variability treatments within each introduction order treatment (figures 1 and 2) suggested that temporal, not spatial variability was mainly responsible for the differences observed between constant and spatio-temporally variable treatments (figure 1), particularly in the case of the simultaneous and bacteria-first treatments. For the yeast-first treatments, Gluconobacter populations were quantitatively larger when there was temporal variation in temperature present. Specifically, within the simultaneous introduction treatments, Gluconobacter was more abundant than Metschnikowia in both the spatio-temporally (figure 1a) and temporally (figure 2a) variable environments, but not in the spatially (figure 2a) variable environments. Furthermore, within the yeast-first treatments, Gluconobacter abundance in the spatio-temporally (figure 1b) variable environment was more similar to that in the temporally (figure 2b) than in the spatially (figure 2b) variable environment. Finally, within the bacteria-first treatments, Asaia coexisted with Gluconobacter in both the spatio-temporally (figure 1c) and temporally (figure 2c) variable environments, but not in the spatially (figure 2c) variable environment.
(b) Additional experiments
Gluconobacter lowered nectar pH from 5.5 to 2.5 within 36 h, whereas Metschnikowia lowered it only to 5.0 (figure 3a). By contrast, Metschnikowia reduced amino acid concentrations more than Gluconobacter did (figure 3b). Gluconobacter was less sensitive to temperature (either high or low), although it had a lower abundance than Metschnikowia when averaged across all temperatures examined (figure 3c). Four days after introduction, Metschnikowia had a higher abundance than Gluconobacter at moderate temperatures (22 and 288C), but showed negligible growth at low (5 and 138C) and high temperatures (338C).
(c) Model analysis
Model analysis (figure 4) suggested that the reduced growth rates owing to temperature variability temper the concentrations of the limiting resource (amino acids) and the inhibiting chemical ( pH) that the late-arriving species experiences. Analysis also suggested that changes in the growth rate of the two species as a result of temperature variability shifted the zero net growth isoclines, affecting the range of conditions under which species coexist. As a consequence of these two effects, temperature variability can increase the likelihood of coexistence when the yeasts are introduced Although coexistence in this model is unstable, the high (95%) mortality of the species and addition of fresh nectar every 4 days could prevent the system from reaching a local equilibrium in the experiment.
M e t s c h n i k o w i a ( y e a s t ) G l u c o n o b a c t e r

Discussion
Taken together, our results suggest that temperature variability can promote the coexistence of nectar-inhabiting microbial species by counteracting priority effects in a metacommunity in which new flowers repeatedly emerge as local habitats for species colonization. Results of our laboratory experiments should not be extrapolated uncritically to explain natural microbial communities in the field. Nonetheless, our data from this model system represent the first experimental evidence, to our knowledge, that the effect of arrival order on species coexistence can depend on at least one type of environmental variability.
We emphasize that our model analysis is merely a tool to visualize possible mechanisms and that the scenario summarized in figure 4 is only one plausible outcome predicted by the model. Although the mechanism underlying priority effects and the dependence of their magnitude on the temperature regime remains unclear, the supplementary experiments (figure 3) and the mathematical modelling (figure 4) suggest one plausible mechanism. The model assumes that one species is a superior resource competitor, via consumption of amino acids in nectar, and the other is a superior habitat modifier (see electronic supplementary material, appendix S1 for model details). This assumption is analogous to Metschnikowia reducing amino acids more rapidly than Gluconobacter [30, 31] Gluconobacter creates opportunities for priority effects under constant temperature, as depicted in figure 4a. The conditions under which both species have a positive growth rate are more restricted under variable temperature than under constant temperature (compare the area shaded in purple between figure 4a and 4b). However, the slow yeast growth under variable temperature allows the bacteria to coexist even when the yeast is introduced earlier (figure 4b), providing a possible explanation for the weaker priority effects under variable temperature (figure 1). In addition, a storage effect [20] may have contributed to the weakening of priority effects by environmental variability. In a temporal storage effect, some species are able to persist because they exhibit dormant stages during unfavourable conditions and achieve high growth rates only at an optimal subset of conditions. Some species of nectar yeast have been indicated to have dormant stages [34] .
It may be argued that particular temperatures, not temperature variability per se, caused the differences observed in species abundances between the constant and variable temperature treatments. To evaluate this alternative explanation, we calculated the expected abundance of Metschnikowia and Gluconobacter after 4 days of growth in nectar for each temperature treatment, using the observed relationship between abundance and temperature (figure 5). As Gluconobacter is more tolerant of changing temperatures, it changes from having expected abundances less than Metschnikowia under non-variable temperature conditions (spatial and control) to having expected abundances higher than Metschnikowia under the variable temporal and spatio-temporal treatments (figure 5a). Importantly, for the temporal treatment, only with temperature variability (i.e. only for geometric mean and not for arithmetic mean) is Gluconobacter predicted to have a greater abundance than Metschnikowia (figure 5b), suggesting that variability per se contributed to the coexistence of Metschnikowia and Gluconobacter when the yeasts were introduced first under variable temperature. In the case of spatio-temporal variability, both the arithmetic and geometric mean abundances of Gluconobacter are expected to be greater than Metschnikowia, suggesting that both variability and the particular temperatures experienced may have favoured Gluconobacter (figure 5b).
In conclusion, our results indicate that knowledge of species' tolerance of, and responses to, environmental variability improves our ability to predict how the importance of priority effects may change as the environment becomes more (or less) variable. Such improved understanding [32] may help to predict not only the composition of the assembled communities, but also its broader ecosystem-level consequences [9] . For example, we have recently found that Metschnikowia and Gluconobacter differ in their effects on pollination, probably owing to the contrasting ways in which they modify the chemical properties of nectar and, consequently, the attractiveness of flowers to pollinators [31] . In combination with the results from this study, this finding suggests that priority effects in nectar microbes and the modification of their strength by temperature variability may have consequences for plant-pollinator interactions. Figure 5 . (a) Expected (i.e. geometric mean) abundances of Metschnikowia and Gluconobacter under each of the four temperature treatments, calculated over the range of experienced temperatures, using the species' observed temperature response curves shown in figure 3 . Error bars are estimated by allowing each species's model to vary within the 95% CIs and re-calculating the expected growth rate for each treatment: this process was repeated 1500 times with error bars representing the standard error in the predicted growth rates for each treatment. Temperature treatments that involve temporal variability (spatio-temporal, temporal) are calculated in part or whole with the geometric mean of species growth curves. In (b), we evaluate whether it is this geometric aspect of growth, or simply the presence of a wide range of temperatures in the temporal and spatio-temporal treatments, that is changing species' growth rate. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132637
